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ABSTRACT 
In comparison to conventional jointed bridges, integral abutment bridges (IABs) have lower 
construction and maintenance costs, making them increasingly more popular amongst departments 
of transportation across the United States. Most design guidelines have been created based on 
substructure considerations because little research has been conducted on superstructure demands. 
This thesis documents an IAB investigation that employed field monitoring and nonlinear analysis. 
Numerical simulations were used to study nonlinear bridge models for IABs with composite steel 
I-girders subjected to thermal loadings. A parametric study was conducted, evaluating the 
influence of various primary and secondary parameters. Structural responses such as girder 
superstructure elastic stress and pile substructure inelastic strain are influenced by bridge length, 
pile type and size, superstructure rotational stiffness, and bridge skew. As as a companion to the 
numerical simulations, field monitoring was conducted on a 30-degree skew, four-span continuous 
IAB located in northern Illinois. Field instrumentation includes strain gages, tiltmeters, and 
displacement transducers. This thesis documents data that has been collected from May 2014 to 
March 2016; thus, field results presented are representative of roughly 2 years of data collection, 
with the bridge undergoing seasonal cycles of temperature changes. A finite element model for the 
monitored bridge is also presented, and its results compare well with what is seen in the field. 
Overall, the field monitoring effort is a means to validate assumptions made during the design and 
modelling process of the parametric study.  
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CHAPTER 1: INTRODUCTION 
Integral abutment bridges (IABs) have been gaining popularity amongst departments of 
transportation within the United States because of their lower maintenance and construction costs, 
in addition to their longer service life. Unlike conventional jointed bridges, IABs act as a 
continuous unit when subjected to thermal loads. As shown in Figure 1, this is achieved by casting 
the abutment and deck monolithically, as well as embedding the girders and pile heads into the 
abutment. However, the behavior of these bridges, especially in regards to the superstructure, is 
still not fully understood. The Illinois Department of Transportation (IDOT) still assumes simply 
supported end conditions in IAB girder design. To address this knowledge gap, research has been 
conducted at the University of Illinois, including a thorough parametric study with three-
dimensional (3-D) finite element bridge models and an extensive field monitoring program.  This 
thesis summarizes the findings of the parametric study and details both the numerical simulations 
and field data collected from a monitored IAB.  
 
Figure 1. General Illinois Department of Transportation (IDOT) integral abutment detail. 
As part of the research, two skewed integral abutment bridges were selected for field monitoring. 
Both carry eastbound Illinois Tollway (I-90) traffic in northern Illinois, and the configurations are: 
a four-span continuous bridge over the Kishwaukee River in Cherry Valley (“Kishwaukee”) and a 
single-span bridge over the Union Pacific Railroad in Gilberts (“UPRR”). Each site has steel H 
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piles with weak-axis orientation, meaning that the web is perpendicular to the longitudinal axis of 
the bridge, as per IDOT standards. This thesis discusses the findings for the Kishwaukee Bridge. 
Basic geometric properties of the Kishwaukee Bridge are listed in Table 1 below. 
Table 1. Geometry of the Kishwaukee River Bridge 
Spans 125 ft, 152 ft, 152 ft, 120 ft West to East 
Overall Length 549 ft 
Width 69 ft - 1/4 in. 
Abutment Skew 30° 
Number of Girders 8 
Girder Size Plate Girder: 60 in. Web 
Number of Piles 30 (15 on each end) 
Pile Designation HP14x117 
 
Construction of the Kishwaukee River Bridge began during the spring of 2013 and concluded in 
October 2013. Data collection began on May 24, 2014 and is continuing presently. Field data 
reported herein runs from the start date of collection until March 29, 2016. This bridge employs 
the largest pile size currently in service for IDOT IABs, as well as extends only one foot short of 
the current maximum permissible IDOT IAB length of 550 ft for multi-span bridges. One more 
unique aspect of this bridge is that pile relief has been employed, with the top 10 ft of each pile 
encased by a corrugated pipe with a bentonite fill. This is meant to allow more pile movement and 
reduce demands at the pile head, where the peak strains are seen to occur. All other aspects of the 
bridge are relatively standard in regards to IDOT details and specifications.  A picture of a portion 
of the bridge superstructure can be seen in Figure 2.  
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Figure 2. Kishwaukee River Bridge looking east. 
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CHAPTER 2: LITERATURE REVIEW 
Overall, fairly limited research focus has been placed on IAB superstructure behavior and design. 
As established in a number of previous studies (Dicleli 2005; Ingram et al. 2004; Paul et al. 2005), 
the most important factor for IAB behavior is the effective expansion length (EEL). Assuming 
similar soil properties at each abutment, EEL is simply equal to half of the overall bridge length.  
Chapter 2 summarizes IDOT practice and other research work that closely relates to the current 
study. 
 
2.1 IDOT CURRENT IAB DESIGN PRACTICE 
The current IAB design guidance, which broadened the permissible IAB range, came out as a 
memorandum (“IDOT Memorandum,” July 2012) to the 2012 IDOT Bridge Manual (IDOT 2012). 
Longer lengths and larger skews are allowed, and pile orientation changes from the prior 
configuration. As shown in Table 2, the maximum lengths in the previous practice were only 310 
ft for steel girders and 410 ft for concrete girders. The maximum abutment skew was 30°. The 
current practice allows 550 ft length and 45° skew. The pile’s strong axis used to be oriented 
parallel to the abutment axis, but now the pile’s weak axis is perpendicular to the bridge center 
line (the “weak-axis orientation”). The most significant change is in the design philosophy of H-
piles. The previous limit state was to avoid pile yielding, which was judged by IDOT to place too 
much restriction on design length and skew. The current limit state allows a certain amount of pile 
yielding, and an Integral Abutment Pile Selection Chart was developed to facilitate pile design. 
The maximum pile size in the chart is HP14×117, but IDOT has recently indicated that they would 
like to permit HP16 and HP18 piles, which are evaluated in this research project. Additionally, no 
specific guidance is provided for the design of IAB superstructures, and the girders are designed 
with a standard process that assumes simply supported conditions at the abutments and does not 
account for stresses that may develop due to the restraint of thermal expansion.  
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Table 2. Changes in IDOT policy. 
 Previous IDOT Policy Current IDOT Policy 
Maximum Bridge Length: Steel Girders 310 ft 550 ft 
Maximum Bridge Length: Concrete Girders 410 ft 550 ft 
Maximum Abutment Skew 30° 45° 
Pile Orientation Strong axis Weak axis 
Pile Limit State No yielding allowed Moderate yielding allowed 
 
2.2 IAB SUPERSTRUCTURE RESEARCH AND FIELD MONITORING 
Research done at Pennsylvania State University (Paul et al. 2005) investigated superstructure 
behavior under thermal loading by instrumenting girder top and bottom flanges at midspan on a 
four-girder, prestressed concrete slab-on-beam bridge. The field girder forces might be affected by 
various factors, which are difficult to isolate. However, based on the numerical and field data, 
creep and shrinkage may significantly affect girder axial forces and calculated thermally induced 
stresses might lead to cracking. Paul et al. (2005) conducted 2D parametric analysis using frame 
elements as well, which confirmed that significant moment and axial and shear forces could be 
generated in superstructures by thermal loading. As shown by their results in Figure 3, thermally 
induced (±80°F temperature change) axial force and moment in the superstructure gain even more 
significance as EEL is increased. The curves in the plots appear to level off with increasingly large 
EEL because of nonlinear responses from the abutment and pile soil. This study used a uniform 
temperature gradient, with a constant temperature load applied to the entire superstructure cross 
section, and found that it is sufficient for determining bridge demands. In studying temperature 
gradients, other researchers had found that code recommended values were overestimates of what 
was observed in the field (Rodriguez et al. 2014).  
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Figure 3. Thermally induced forces as a function of bridge length: (a) axial force and (b) 
moment. (Paul et al. 2005, Figure 8). 
 
PennDOTlater conducted similar long-term field monitoring programs on three other prestressed 
concrete bridges (Kim and Laman 2010), and the importance of thermally induced girder forces 
were again emphasized. Kim and Laman (2010) concluded that IAB girder bending moments and 
axial forces due to thermal load are significant and should be considered in design. They also 
reported that girder axial forces are primarily influenced by end-span length, as opposed to overall 
bridge length, whereas William et al. (2012) found that restrained movement of the integral 
abutment by the backfill and supporting piles induces axial forces in the superstructure that are not 
explicitly considered in typical bridge design procedures.  
Researchers at West Virginia University conducted a field monitoring study of a 3-span IAB with 
steel girders (Shoukry et. al 2006). The bridge had an abutment skew of 55°, total length of 147 ft, 
bridge width of 44 ft, and HP12x53 piles in weak-axis orientation. Over 200 sensors were used, 
comprising tri-axial strain gages, inclinometers, convergence meters, crack-meters, and 
thermistors. Data was collected from the site at an interval of 30 minutes. As expected, changes in 
span length directly corresponded to changes in temperature. Under thermal expansion, the 
abutment backfill was seen to restrain bridge elongation, thus inducing additional axial 
compression on the girders. These thermally induced axial forces were seen to be greatest at 
support locations.  
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CHAPTER 3: MODELING AND ASSUMPTIONS1 
3.1 PARAMETRIC STUDY ORGANIZATION  
A primary portion of the research project is to perform a parametric study for IABs across a number 
of different design considerations. Initially, a full suite of non-skew IABs was studied to 
thoroughly vet the modeling approach and establish a baseline understanding of fundamental IAB 
behavior without the added complexity of skew. Afterward, the skewed bridges were studied in 
detail and compared with that baseline. Once the “base runs” were complete, which included 
groups of models with 0°, 15°, 30°, and 45° of abutment skew, various secondary studies were 
performed on less crucial parameters. Key parameters of this study were designated as primary or 
secondary. Abutment skew, pile size, span length, and number of spans (and, therefore, overall 
bridge length) were identified as the primary parameters comprising the base study models. This 
primary parameter study comprises a suite of nearly 1000 models. H-pile sections were used and 
oriented such that the pile web is perpendicular to the longitudinal direction of the bridge (i.e., the 
“weak-axis orientation”), in accordance with current IDOT policy. This study includes models 
with characteristic span lengths of 50, 100, 150, and 200 ft, as well as bridges with total lengths 
ranging from 100 to 1200 ft. 
A less detailed study was conducted on bridge variables deemed as secondary parameters. These 
parameters are listed in Table 3. Each secondary parameter was analyzed with non-skew bridges 
of 100 ft spans, ranging from one to six spans, with HP14×73 piles (unless the secondary parameter 
requires a different pile). The “default” model referenced in the table contains 100 ft spans with 
HP14×73 piles (weak-axis orientation, spacing equal to that of the girders), backfill consisting of 
loose sand, and pile foundation soil consisting of medium-stiff clay. Numerical models 
representing secondary parameters differ from the default model only by end-span length, total 
width, bridge skew (in the case of the extreme skew bridges), backfill springs, soil springs, pile 
orientation, number of piles, pile top relief, pile type, or abutment height. 
                                                 
1 Figure 5 adapted from and results developed with contribution from the co-authors of LaFave, J., Riddle, J., Jarrett, 
M., Wright, B., Svatora, J., An, H., and Fahnestock, L. (2016). "Numerical Simulations of Steel Integral Abutment 
Bridges under Thermal Loading." Journal of Bridge Engineering, ASCE, 10.1061/(ASCE)BE.1943-5592.0000919 , 
04016061. 
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Table 3. Numerical Models Used to Evaluate Secondary Parameters 
Model Change from Default 
Default N/A 
End-Span Ratio* End spans have different length from interior spans (different 
superstructure rotational stiffness) 
Width* Bridge width is increased from the default of 36 ft 
Extreme Skew 60° skew with altered meshing scheme 
Stiff Clay Soil springs represent stiff clay 
Medium-Soft Clay Soil springs represent medium-soft clay 
Dense Sand Soil springs represent dense sand 
Loose Sand Soil springs represent loose sand 
Stiff Backfill Backfill springs represent dense sand 
Abutment Abutment height increased  
Double Piles Pile spacing decreased and number of piles increased (piles are directly 
beneath and in between the girders) 
Pile Relief Top 10 ft of soil springs adjusted to model bentonite slurry 
Strong Axis Piles oriented for strong-axis bending 
Pipe 16×0.312 H-piles replaced by pipe pile of A992 steel with 0.312 in. thickness 
Pipe 16×0.375 H-piles replaced by pipe pile of A992 steel with 0.375 in. thickness 
*A more detailed study was conducted aside from the base secondary parameter models. 
 
3.2 SUPERSTRUCTURE ROTATIONAL STIFFNESS 
Preliminary research showed that the rotational restraint the superstructure provides to the 
substructure is a critical variable governing IAB behavior. In a sense, this value is a primary 
parameter as it is implicitly varied along with span length. In this study, the rotational restraint has 
been defined as the parameter kθ. To first determine this value, an elastic model of the 
superstructure was created, with fixed supports at the abutments and pin support conditions 
elsewhere. At one “abutment,” a unit support rotation was imposed and the corresponding moment 
was recorded. The superstructure rotational stiffness, kθ, was taken as the moment divided by the 
rotation. A schematic of this concept can be seen in Figure 4. As the number of spans increases, 
the value of kθ becomes nearly constant. Table 4 lists the rotational stiffnesses used to characterize 
the various bridge configurations of this study.  
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Figure 4. Superstructure rotational stiffness calculation. 
Table 4. Superstructure Rotational Stiffness Values for Given Span Length Combinations 
Span 
Case 
Name 
Interior-
Span 
Length (ft) 
End-Span 
Length (ft) 
Girder 
Designation 
Abutment 
Height (ft) 
kθ (106 
k*in./rad) 
150 150 150 PG76 10.56 7.90 
150–200 200 150 PG76 10.56 7.72 
200 200 200 PG76 10.56 5.92 
50–100 100 50 W36×194 7.27 4.67 
100 100 100 W36×194 7.27 2.45 
50 50 50 W24×84 6.24 1.33 
 
3.3 GENERAL DESIGN AND MODELING STRATEGY 
Parametric study bridges were designed in accordance with IDOT and AASHTO design standards. 
Finite element models were created using the structural analysis program SAP2000 v14 (CSI 
2009). Figure 5 illustrates a typical model configuration for the study.  
Span 1 Span 2 ... ... ... Span n
M
θ 
kθ  = M/θ 
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Figure 5. Finite element model of integral abutment bridge. 
 
3.3.1 Bridge Width 
Typical IDOT IAB designs are in the range of 30 to 50 ft wide, while a few bridges exceed 100 ft. 
The research team decided to use 36 ft as the default, which was also the only bridge width 
considered in the previous Illinois research (Olsen et al. 2012). However, a more selective group 
of wider bridges, with widths of 60 and 96 ft, were analyzed in this study as well. Girder and lane 
arrangements are also taken into account with bridge width. All parametric study bridges were 
designed with a 6 ft girder spacing, providing a 3 ft deck overhang beside the edge of the girders. 
With each vehicle lane being 12 ft wide, the three different widths of this study take two lanes and 
two 6 ft shoulders, three lanes and two 12 ft shoulders, and six lanes and two 12 ft shoulders. The 
48 ft width option was eliminated because it was advised as uncommon by IDOT (research team 
communication, IDOT).  
3.3.2 Deck and Abutments 
Standard dimensions for deck and abutment were taken from the IDOT Bridge Manual. The deck 
of the study models was designed to be 8 in. thick. The abutment height equals the deck thickness 
(8 in.) plus the concrete fillet (0.75 in.) plus girder depth plus abutment cap depth (42 in.). The 
standard integral abutment cap width is 40 in. for steel beam bridges and 44 in. for concrete beam 
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bridges (“IDOT Memorandum,” July 2012). Therefore, the abutment varies only in height with 
respect to girder depths and is not an independent variable in the parametric study. The cold joint 
between the two parts of an integral abutment has also been assumed as fixed (research team 
communication, IDOT). Following the design of the instrumented bridges, deck concrete was 
given a compressive strength of 4000 psi and abutment concrete was given a compressive strength 
of 3500 psi. 
Thin and thick shell elements were used for deck and abutment modeling, respectively. Based on 
the assumption that minimal cracking occurs under service loading, these elements were modeled 
as linear elastic without reinforcement.  
3.3.3 Girders 
All parametric study models were designed with wide flange sections or plate girders. Girder 
dimensions were designed according to the IDOT Bridge Manual, IDOT LRFD Composite Steel 
Beam Design Guide 3.3.4, and the AASHTO LRFD Bridge Design Specifications. The design 
assumed that all girder ends had simply supported boundary conditions at abutments and therefore 
did not account for any effects of integral construction. Girders were designed for both positive 
and negative moment regions. Using influence lines and trial-and-error analysis on line models in 
SAP2000, the maximum moment and shear demands for the positive and negative girder moment 
regions were computed for each bridge for the constructability limit state, service limit state, and 
strength limit state. Fatigue moment demand was determined using load train analysis in F-Tool. 
A fatigue truck went from one end to the other on each bridge line model at a small distance 
increment, and then the local maximum positive and negative moments at each bridge point were 
recorded after comparing all the truck locations. The maximum moment differences were found 
for positive and negative girder moment regions using a spreadsheet. 
Minimum girder depths were initially determined by using the girder depth to span length ratios 
from the AASHTO LRFD Bridge Design Specifications and the recently designed IDOT IABs. 
The girder design followed an iterative process in which girder dimensions were modified to 
provide adequate capacity that exceeded the calculated demands. Standard rolled wide-flange 
sections (W24×84 and W36×194) made of AASHTO M270 Gr. 50 steel were selected as the 
girders for 50 and 100 ft spans, respectively, with only one section chosen for both positive and 
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negative moment regions. For 200 and 150 ft spans, 76 in. deep spliced plate girders made of 
AASHTO M270 Gr. 50 steel were designed, with different sections for positive and negative 
moment regions. For simplicity, this overall girder configuration was named PG76.  
For simplicity in both modeling and post-processing, girders were modeled using frame elements. 
These elements were made composite with the deck shell elements via the insertion point method 
(CSI 2013), with the girder and deck elements sharing nodes (Figure 6). Girder stiffness was 
corrected by using an offset at both ends, equal to half deck thickness (4 in.) plus concrete fillet 
thickness (0.75 in.), while the insertion point was at the middle of the top flange. This software 
configuration was proved to be accurate by some additional composite beam analysis in SAP2000, 
as well as comparison with hand calculations.  
 
Figure 6. Composite section modeling and girder end offset (adapted from  
CSI Technical Knowledge Base “Composite Section Tutorial”). 
 
Unlike the simply supported approximation used to initially design the girders, a fixed connection 
was assumed when modeling due to the nature of the girder embedment in the abutment. A rigid 
link was used to attach the girder frame elements to the abutment shell elements. 
3.3.4 Piers 
Based on IDOT correspondence and the design of the instrumented bridges, bridges with an even 
number of spans have fixed bearings at the middle pier and expansion bearings elsewhere. Bridges 
in the parametric study that have an odd number of spans have all expansion bearings. At the fixed 
bearings, a wall pier was designed that mimics the design of one of the Kishwaukee River Bridge. 
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The pier height is 25 ft, and the footing is 9 ft wide by 4 ft thick. Piles underneath the pier footing 
are metal shell 14 × 0.312 in., spaced at every 3 ft and extending 50 ft down from the footing.  
Like the abutments, the intermediate pier is modeled with thick shell elements. Below the wall pier 
footing, each pile is represented by a linear 6-DOF nodal spring. Spring stiffnesses were calculated 
primarily in LPILE (Ensoft 2005) by applying a small deformation at the pile top with proper 
boundary conditions in each degree of freedom. Torsional and axial stiffnesses were computed by 
hand. The fixed bearings connecting the intermediate pier to the bridge superstructure were 
modeled as rigid links, while the expansion elastomeric bearings were modeled as rollers.  
3.3.5 Piles 
To encapsulate a wide variety of bridge configurations, pile sizes ranging from HP 8×36 to HP 
18×204 were used in the study. By including a broad spectrum of piles, extreme behaviors could 
be observed. The current IDOT Integral Abutment Pile Selection Chart was not used in the design 
of piles for each bridge; however, analyzed strain values were compared with the various limits 
enforced by the chart.  
Piles were modeled using frame elements, fixed at a depth of 40 ft. To account for nonlinear 
behavior in the critical region, a series of 6 in. long elements with fiber section hinges were used 
for the top 5 ft of each pile. A fiber section comprises 60 fibers (20 for each flange and 20 for the 
web); web-flange fillets were not modeled. Each fiber behaves according to a uniaxial nonlinear 
strain–strain relationship, and the individual fiber responses are integrated over the cross-section, 
with overall member behavior determined considering a hinge length equal to the length of the 
element. Like the girders, piles were assumed fixed to the abutment. The pile–abutment interface 
was modeled as rigid by constraining the degrees of freedom of the pile frame element to the 
degrees of freedom of the shell elements representing the bottom of the abutment.  
3.3.6 Superstructure Meshing 
To model reasonably accurate deck stresses and girder forces near the abutment–superstructure 
connections, a refined meshing pattern, shown in Figure 7, was developed for the parametric study 
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models. Near each abutment or pier, the deck is divided into three parallel strips containing small 
quadrilateral elements, and larger elements take their place after a gradual mesh transition.  
 
Figure 7. Final meshing pattern near supports. 
However, this meshing pattern loses accuracy with skews above 45°. According to the CSI 
SAP2000 Manual, the inside angles of a quadrilateral should be within 45° to 135°. With skews 
beyond 45°, the interior angles of all of the elements become either less than 45° or greater than 
135°. Therefore, for the select 60° skew models created, a new triangular meshing scheme was 
developed (Figure 8). The triangular elements satisfy mesh preferences of nearly 60° corner angles, 
which prevents ill-conditioning that the quadrilateral elements would create for these extreme 
skew bridges.  
 
Figure 8. Triangular mesh for 60° skew models. 
3.3.7 Soil 
3.3.7.1 Pile Soil 
Based on IDOT suggestions, the default pile soil was chosen as a medium-stiff clay with an 
undrained shear strength of 1500 psf (Qu = 1.5 ksf) and unit weight of 120 pcf. The effects of stiffer 
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and softer soils on IAB behavior have been investigated as well, on a more limited basis. Pile 
foundation soil properties for these models range from soft clay (su = 1000 psf) to stiff clay (su = 
3000 psf) and loose sand to dense sand. 
For the model of the Kishwaukee River Bridge, boring logs were used to define the pile soil 
properties. An average of the soil properties throughout the depth of the pile was used to model 
the pile foundation soil. It was determined that the piles were surrounded by a stiff clay with a unit 
weight of 120 pcf and undrained shear strength, su, of 3000 psf.  
A series of nonlinear springs represent soil resistance along each pile. Each spring has two 
orthogonal components aligned with the bridge direction instead of the skewed abutment direction 
because the main thermal movement is in the bridge longitudinal direction regardless of skew. 
Springs were distributed every 6 in. for the top 5 ft, every 1 ft for the next 5 ft, every 2 ft for the 
next 10 ft, and every 5 ft for the last 20 ft. The lateral load-displacement (P-y) curves were 
generated in LPILE. Based on the additional overburden stress from the abutment backfill, soil 
spring stiffness was calculated separately for expansion and contraction directions.  
 
3.3.7.2 Pile Top Relief 
The default models for the primary study include no additional relief near the top of the pile. 
However, both of the bridges instrumented as part of the field monitoring program were 
constructed with 10 ft pre-drilled holes backfilled with soft material at the pile head. Pile top relief 
is used in order to allow pile movement and reduce demands placed on the pile. Because of its 
practical applications, pile top relief was included in the secondary parameter study.  
Pile top relief was modeled by softening the pile springs of the top 10 ft of each pile. To model the 
bentonite fill, the p-y curves generated in LPile were altered by a factor of 20. This is comparable 
to the use of a soft clay with an undrained shear strength of 350 psf.   
3.3.7.3 Abutment Backfill 
It was indicated by IDOT that compacted backfill, as well as maximized abutment wall friction, 
might be beneficial to reduce the rotational demands of abutment piles during thermal expansion 
(research team communication, IDOT). However, stiffer backfill might induce excessive axial 
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force demand on the superstructure. Additionally, uncompacted backfill can be expected to 
consolidate due to vibratory compaction caused by vehicles crossing the bridge. Because 
uncertainty still prevails, it was decided that the default abutment backfill soil should be 
uncompacted, based on the current IDOT policy.  
The assumed default backfill was set with the properties of a loose sand with unit weight of 115 
pcf and a friction angle Φ of 30°. These are the same properties used for the Kishwaukee River 
Bridge model. For the secondary parameter study, backfill properties ranging from loose sand 
(uncompacted, Φ = 30°, γ = 115 pcf) to dense sand (compacted, Φ = 45°, γ = 130 pcf) were 
examined.  
Abutment backfill was modeled as a single spring throughout the abutment height at the pressure-
resultant location. This method was chosen as a simplification, and its accuracy was validated with 
an investigation on distributed versus concentrated links. Like the pile soil springs, the backfill 
springs have two orthogonal components, but they are aligned to the abutment axis. One of the 
components is normal to the abutment surface, representing soil pressure, and the other represents 
soil friction parallel to the abutment surface. This friction force was calculated based on a constant 
normal force from base non-skew bridge models. Although the normal force may be larger for 
skewed cases, this approach is conservative for the estimation of bridge demands.  
 
3.3.8 Parapets 
The design parapet weight was determined to be 0.45 k/ft (research team communication, IDOT). 
This weight was added to bridge edges using frame elements with concrete material assigned. 
Parapets were designed with a cross-section of 38 in. × 12 in. with all property modifiers set to 
zero except weight and mass.  
3.3.9 Modeling simplifications 
The importance of modeling wingwalls, approach slab, girder camber, and cross frames was 
investigated. Through sensitivity analysis, it was determined that these parameters did not have 
significant effects on bridge behavior and could be excluded from the models as a means of 
simplification.  
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Even though 3D solid elements are more accurate in representing structural components, due to 
the large number of bridge models being analyzed and the corresponding processing effort 
required, the simpler element types used by the former Illinois researchers were largely maintained 
for this study with support from new trial analyses and comparison tests. 
 
3.4 LOAD CASES AND SEQUENCES 
Because the main goal of the project was to investigate bridge behavior under service conditions, 
all applied loadings were unfactored. Table 5 lists all load cases analyzed in the study. The staged 
dead load case used nonlinear staged construction analysis, while the thermal and live load cases 
used nonlinear static analysis. 
Table 5. Load Cases Used in the Parametric Study 
Method Actual Loading Shorthand 
Analyzed in 
SAP2000 
Dead: Staged Construction Dead Staged 
Dead + HL-93 Live HL-93 
Dead + Positive Thermal Positive Thermal 
Dead + Negative Thermal Negative Thermal 
Dead + Positive Thermal + HL-93 Live HL-93 Positive Thermal 
Dead + Negative Thermal + HL-93 Live HL-93 Negative Thermal 
Computed 
from results 
Dead + Positive Thermal—Dead Staged Pure Positive Thermal 
Dead + Negative Thermal—Dead Staged Pure Negative Thermal 
 
3.4.1 Dead Load—Staged Construction Case 
To represent the behavior under dead load and to obtain the deformed bridge shape and stiffness 
at the end of dead loading, staged construction analysis was used for the dead load case. Table 6 
lists the sequence of stages modeled in SAP2000.  
 
 
 
18 
 
Table 6. Explanation for Each Step of Staged Construction Analysis 
Stage 
No. Action Result Reason 
1 
Add structure 
Add the entire 
structure 
–– 
Remove 
structure 
Remove parapets 
Parapets should be loaded only after deck is 
cured 
Change 
modifiers 
Make girders heavy 
to include deck 
weight 
Let deck have zero stiffness to simulate soft 
deck before curing. Deck must also be 
weightless, and the weight is taken by girders; 
otherwise, the soft deck will have large 
deflections between girders due to self-weight 
Change 
modifiers 
Make deck soft and 
weightless 
Load objects 
if added 
Load everything 
except parapets 
–– 
2 
Change 
modifiers 
Let girders have 
original self-weight 
–– 
Change 
releases 
Fix girder ends 
To simulate the abutment hardening and 
restraints placed on girder ends 
Change 
modifiers 
Let deck have 
supposed stiffness 
and weight 
Deck weight is already applied through 
modified girder weight. After deck hardens, 
deck elements can be used to apply the weight 
of future wearing surface 
3 
Add structure Add parapets –– 
Load objects Load parapets –– 
Load objects Load deck 
Future wearing surface weight is actually 
applied. The scale factor is 0.5, which is the 
weight ratio of future wearing surface to deck 
 
3.4.2 Thermal Load Case 
Based on the previous Illinois research (Olsen et. al. 2012) and IDOT correspondence, the thermal 
range was maintained as –80°F to +80 °F. The coefficient of thermal expansion used for concrete 
and steel are 5.5 × 10–6 / °F and 6.5 × 10–6 /°F, respectively. All bridge components except for the 
piles were subjected to this thermal loading, but only 60% of the temperature change was applied 
on the pier footing to avoid excessive thermal deformation that could cause issues with the pier–
superstructure connection. For typical locations in Illinois, the AASHTO (2012) total uniform 
temperature range for “Procedure B” is only 125°F or less. This means that the positive and 
negative temperature ranges explored in this study can conservatively apply to bridges with base 
construction temperatures ranging from at least 40°F to 75°F.  
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3.4.3 Live Load Case 
An HL-93 truck load was used as the live load case for this study. It was applied as a uniform load 
on the entire bridge to represent the design lane load, in addition to another equivalent uniform 
load placed at the center of one end span to represent the design truck. These equivalent loads were 
placed across the entire bridge width for the length of a standard truck. Bridges that were modeled 
to be wider than the standard two-lane bridges of the primary study had the equivalent truck load 
placed as a uniform load across the entire bridge width. 
 
3.5 MODELING AND ANALYSIS AUTOMATION PROCESS 
To streamline the process of creating and analyzing such a large number of models, automation 
processes were created. Using Visual Basic for Applications (VBA), an Excel spreadsheet was 
created that would generate the SAP2000 models for the given bridge geometries entered by the 
user. Similarly, a post-processor spreadsheet was created that would collect resulting nodal and 
element data from the analyzed models, and call upon MATLAB to perform any necessary 
calculations. 
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CHAPTER 4: PARAMETRIC STUDY RESULTS2 
4.1 PRIMARY PARAMETER STUDY 
Because IAB construction provides a frame-like structure at the abutment location, thermal 
changes result in a distribution of forces to the abutment and substructure (pile foundation). Both 
thermal expansion and thermal contraction of the superstructure are partially restrained; this 
induces forces into the superstructure. The soil resistance to thermal expansion is larger because 
the backfill provides additional overburden. Under thermal contraction, the abutment backfill is 
not engaged. Therefore, soil resistance at the foundation is larger during thermal expansion than 
during thermal contraction. For most of the cases analyzed in this parametric study (using the 
default soil parameters), thermal expansion of the superstructure governed demands versus thermal 
contraction. Thermal contraction governed only in select bridge cases with all 50 ft spans, and 
several of the cases presented with alternate soil properties and pile configurations. 
Bridge displacement at the deck level (requiring some form of expansion detail), strains that 
develop in the piles due to integral abutment construction, and additional stresses that develop in 
the girders were determined to be the three key issues related to IAB behavior that need to be 
considered in design. Results from the base parametric study showed that global movement can be 
simply predicted because it was seen to be directly proportional to the effective expansion length 
(EEL). Regardless of span length or pile size, global movement was consistently around 90% of 
free expansion expected from a weighted average of the coefficients of thermal expansion of steel 
and concrete (6.5x10-6/°F for steel and 5.5x10-6/°F for concrete). Generally, increased bridge skew 
resulted in complicated bridge deck displacements, including amplified displacements at the acute 
bridge corner.  
It was determined that proper pile selection can allow for much longer permissible bridge lengths. 
Pile strain limits beyond yield strain can allow for permissible IAB lengths to increase, especially 
                                                 
2 Figure 11 adapted from and results developed with contribution from the co-authors of LaFave, J., Riddle, J., Jarrett, 
M., Wright, B., Svatora, J., An, H., and Fahnestock, L. (2016). "Numerical Simulations of Steel Integral Abutment 
Bridges under Thermal Loading." Journal of Bridge Engineering, ASCE, 10.1061/(ASCE)BE.1943-5592.0000919 , 
04016061. 
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with the use of larger pile sections. For a given EEL, pile size, and girder design, increase of the 
superstructure rotational stiffness, kθ, was seen to increase critical pile strains. As expected, 
increased pile size acted to decrease total pile strains because more demand would be placed on 
the girders and bridge superstructure. However, pile strain demands were seen to be significantly 
exacerbated by abutment skew. The amplified displacements caused by skew resulted in larger 
pile biaxial bending moments, especially at the acute corner pile, which was deemed the critical 
pile. For a select four-span bridge, as skew was increased from 0° to 60°, the acute pile strain from 
a temperature change of +80°F alone increased from 0.00195 to 0.00550.  
Girder stresses that develop in IABs due to thermal effects can be significant, particularly for 
bridges with large EEL and large pile sizes. Increased bridge skew was seen to decrease girder 
strong-axis demands but increase girder weak-axis bending. For extreme non-skew cases, stresses 
of the bottom flange at the abutment due to strong axis bending and axial force alone approached 
25 ksi under pure positive thermal loading. For the majority of the parametric study, evaluated 
girder stresses were taken from the extreme fiber of the bottom flange at mid width; that is, only 
strong axis bending and axial force were contributors to the stress value. Weak axis bending acts 
to increase the total stress at one of the bottom flange tips, and decrease the total stress at the other. 
In general, the increase in the reported stress value due to weak axis bending increases along with 
skew. However, this increase is only significant near supports. As the distance from a support gets 
greater, weak axis flexure becomes more and more negligible. Larger rotational restraint (kθ), 
which is a factor of the span length, was also seen to increase the magnitude of bottom fiber stress 
for a given girder design.  
4.2 REGRESSION MODELS 
4.2.1 Pile Strains 
Maximum pile strain under thermal loading has been observed to closely follow a third-degree 
polynomial when plotted against EEL for a given pile and superstructure detail. If all piles plot the 
same general curve shape, their behavior can be scaled to a reference response shape. This 
reference shape will allow for easy determination of the pile strain under a certain set of 
independent variables, otherwise known as predictors, using an empirical relationship.  
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MATLAB was then used to perform parametric nonlinear regression analysis in the development 
of calibrated pile strain prediction models.  
Maximum pile strains that occur at the abutment–pile interface due to positive thermal loading 
were compiled for all bridge models that were created for the primary parameter study (0 to 45° 
skew). Because expansion controlled for the primary models of the study, using the developed 
numerical model would be a conservative estimate for strains due to thermal contraction. The 
nonlinear regression was performed using bridge EEL, kθ, pile cross-sectional area, pile weak-axis 
moment of inertia, and skew. These parameters were used to develop a pile strain influence 
coefficient, αpile, which could then be used in a cubic polynomial to predict pile strain. The 
developed expressions for predicting pile strain are as follows: 
𝛼𝑝𝑖𝑙𝑒 = 𝐸𝐸𝐿
0.47𝑘𝜃
0.13𝐼𝑦,𝑝𝑖𝑙𝑒
0.0708𝐴𝑝𝑖𝑙𝑒
−0.46 cos(𝑆𝑘𝑒𝑤)−0.52 
𝜀𝑝𝑖𝑙𝑒 = (3.7 × 10
−7)𝛼𝑝𝑖𝑙𝑒
3 − (1.8 × 10−5)𝛼𝑝𝑖𝑙𝑒
2 + (2.8 × 10−4)𝛼𝑝𝑖𝑙𝑒 
where EEL is in ft, kθ is in k-in./rad, Iy is in in.
4, A is in in.2, and skew is in radians. Figure 9 
displays this cubic curve plotted over the collection of modeled data. 
It should be noted that the above equations are only valid for the assumptions of the primary 
parameter models—that is, bridges of up to 45° skew with the default soil properties, 36 ft width, 
and 1:1 end-span ratios. If soil properties, pile conditions, width, or end-span ratio were to be 
altered, results might not align with the curve.  
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Figure 9. Pile strain data from parametric models against developed cubic curve. 
 
4.2.2 Girder Stresses 
Similar to the procedure for pile strains, bottom fiber stresses located at the abutment from a middle 
girder (near the bridge centerline) due to pure positive thermal loads were compiled for the base 
set of bridge models (0° to 45° skew) and examined to determine the relative influence of different 
parameters. As was discussed in Section 4.1, the bottom flange stress values were computed from 
strong axis flexure and girder axial force alone. If weak axis contributions were considered, these 
stresses would be amplified at the extreme fiber, especially because they are taken at a support 
location. It was determined that a linear relationship was sufficient in capturing the trends of girder 
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stress, when using a scaled value of EEL. A nonlinear regression was performed with MATLAB 
using bridge EEL, girder cross-sectional area, pile weak-axis moment of inertia, and skew. These 
parameters were used to develop a pile strain influence coefficient, αgirder, which could then be 
used in a linear expression to predict pile strain. The developed expressions for predicting girder 
bottom fiber stress are as follows: 
𝛼𝑔𝑖𝑟𝑑𝑒𝑟 = 𝐸𝐸𝐿
0.53𝐼𝑦,𝑝𝑖𝑙𝑒
0.18 𝐴𝑔𝑖𝑟𝑑𝑒𝑟
−0.93 cos(𝑆𝑘𝑒𝑤)1.9 
𝜎𝑔𝑖𝑟𝑑𝑒𝑟 = (9.0)𝛼𝑔𝑖𝑟𝑑𝑒𝑟 
where σ is in ksi, EEL is in ft, Iy is in in.4, A is in in.2, and skew is in radians. Figure 10 displays 
this linear expression over the collection of modeled data. 
Again, the expressions above are only valid for the assumptions of the primary parameter models. 
Alterations would be needed following the trends discussed for the secondary parameters if bridge 
conditions do not align with the default of this study. 
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Figure 10. Girder stress data from parametric models against developed linear curve. 
 
4.3 SECONDARY PARAMETER STUDY 
Each secondary parameter analyzed proved to have significant effects on IAB behavior. End-span 
ratio and bridge width are two parameters that have been investigated in more detail and directly 
apply to the Kishwaukee River Bridge. They will be discussed in the sub-sections below. To start, 
soil properties determine how much restraint is placed upon the bridge when it undergoes 
movement. Stiffer backfill was seen to increase relief of the pile head demands but caused larger 
internal forces and increased superstructure demands. When stiffer soil is placed around the pile 
foundation, it restrains pile deformations and increases pile strains. Soft clays and loose sands 
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allowed for more pile flexibility; thus, smaller forces and moments were distributed to the pile 
section and smaller girder demands were imposed. Conversely, pile foundation soils of stiff clays 
and dense sands reduced pile flexibility, which increased pile and girder demands. Incorporating 
pile top relief produced similar results to softer foundation soils. These models resulted in larger 
pile deflections and decreased bending moment demands. Moreover, increasing the number of 
piles to the double piles case increased the foundation stiffness and reduced pile deflection. This 
reduced peak pile strain but increased internal forces. Pipe piles and strong-axis oriented H-piles 
were seen to provide more lateral stiffness and moment capacity. However, pile biaxial demands 
heavily influence their section properties and upon yielding pile stiffness (and stability) sharply 
decreased with increased lateral loads. Therefore, weak-axis orientation was observed to be the 
preferred pile detail because it did not display any detrimental pile section stiffness loss after 
yielding. A comparison of pile moments from these various secondary parameter models can be 
seen in Table 7 below. Finally, bridges designed with deeper abutments will exhibit reduced pile 
strains and deflections, but increased girder stresses.  
Table 7. Pile Head Moments for Secondary Parameters  
for a Three-Span, Non-Skew IAB with HP14×73 Piles 
 Positive Thermal 
Moment (k-in.) 
Negative Thermal 
Moment (k-in.) 
Default –1804 1612 
Clay (Soft) –1621 1458 
Clay (Stiff) –2064 1897 
Double Piles –1280 1209 
Pile Top Relief –1027 1000 
Pipe 16×0312 –3181 3075 
Pipe 16×0375 –3214 3123 
Sand (Dense) –1927 1789 
Sand (Loose) –1559 1264 
Stiff Backfill –1183 1612 
Strong Axis –2232 2118 
 
4.3.1 End-Span Ratio  
Models with varying end-span ratios were created for both non-skew and skewed bridges. The 
same trends are seen regardless of skew. Increased skew acts mainly to increase pile demands and 
decrease girder stresses, as discussed in the earlier chapter. As expected, smaller end spans result 
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in larger kθ values for a given EEL, causing pile strains and girder stresses to increase. Models 
with shorter end spans (and thus larger kθ values) produce larger demands under pure thermal 
loads. However, shorter end spans distribute less gravity load to the abutment than longer spans, 
and therefore may produce smaller dead and live load demands than long spans.  
Figure 11 compares compressive girder bottom fiber stresses at the abutment under pure positive 
thermal loading for non-skew bridges with HP14×73 piles with various span length combinations. 
As stated in Section 4.1, when pile size, EEL, and girder design are held equal, girder stresses 
increase with increased kθ. This can be seen when comparing the uniform 100 ft span cases with 
the cases that have 100 ft interior spans and 50 ft end spans, which were both designed with 
W36×194 girders. Cases with shorter end spans have a larger kθ, which leads to slightly higher 
stress for the same EEL. Select models were run with skew and the same trends were observed; 
the only difference was that stresses are lower with higher skews, as discussed in Section 4.1.  
 
Figure 11. Girder bottom flange stresses (compressive) at the abutment  
due to pure positive thermal loading for non-skew bridges with HP14×73 piles. 
 
A similar effect can be seen with the pile strains. Figure 12 shows pile strains due to pure positive 
thermal loading for two non-skew bridges of the same girder design for two different pile sizes. 
As was discussed in Section 4.1, lower strains are seen with larger piles because more demand is 
placed on the girders. Like what was observed with the girder stresses discussed above, the bridges 
with smaller end spans, and thus higher kθ values, exhibit larger pile strains. Again, the end-span 
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ratio models display the same skew effect with pile strains as was described in Section 4.1. 
However, when approaching higher skew values, the smaller end-span ratio has slightly less of an 
effect on pile strains. This is made evident by Figure 13, which plots pure positive thermal strains 
for non-skew and 45° skew bridges with the same girder design.  
 
Figure 12. Pile strain due to pure positive thermal loading for non-skew bridges. 
 
 
Figure 13. Total pile strain due to pure positive thermal loading for bridges with 100 ft 
spans and HP14×73 piles. 
 
4.3.2 Bridge Width 
A parameter that directly corresponds with the Kishwaukee River Bridge is increased bridge width, 
since Kishwaukee is wider than the default of 36 ft for the base parametric study. When skew is 
involved, bridge width can have a significant effect on pile strains. As stated in Section 4.1, 
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increased skew acts to increase bridge transverse movement, which adds additional strong-axis 
bending demand on the piles. Wider bridges then amplify this transverse movement and increased 
bending demands. Figure 14 shows pile strains due to positive thermal loading for bridges with 
100 ft spans and HP14×73 piles, with skew varied from 0° to 30° and width varied from the default 
36 ft to 96 ft. It can be seen that the difference between the non-skew bridges is small; however, 
when looking at the 30° skew bridges, pile strains are significantly increased along with width. 
For example, for 30° skew bridges with an EEL of 200 ft, there is a 33.7% increase in total strain 
when the width increases from 36 ft to 96 ft.  
 
Figure 14. Pile strains due to positive thermal loading  
for bridges with 100 ft spans and HP14×73 piles. 
 
The combined effect of width and skew is even more apparent in Figures 15 and 16. Both plots 
are again for positive thermal loading and display pile strains for a fixed EEL of 200 ft and various 
span lengths. For a given span length, the slope of the lines of width versus pile strain increases as 
skew increases from 0° to 45°. Clearly, for pile strain values, width gains significance when skew 
is increased. These two plots also display trends discussed in Section 4.1 regarding kθ and pile 
size. As expected, the bridges with 200 ft spans exhibit higher pile strains because they have a 
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larger value of kθ. In comparing Figure 15 with Figure 16, it can be seen that increased pile size 
decreases pile strains, since more demand is placed on the superstructure.  
 
Figure 15. Pile strains due to positive thermal loading  
for bridges with an EEL of 200 ft and HP14×73 piles. 
 
 
Figure 16. Pile strains due to positive thermal loading  
for bridges with an EEL of 200 ft and HP14×117 piles. 
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Although width can play a significant role in increasing expected pile strains, it has little effect on 
girder demands. Figure 17 shows the bottom flange stress due to positive thermal loading for the 
three different widths considered in the study of a six-span, 30° skew bridge with 100 ft spans and 
HP14×117 piles. The larger skewed bridges shows greater variation in pile strains as width 
increases; however, that does not hold for the girder stresses. Little to no variation is seen in the 
observed girder stresses between the three different widths, indicating that the effect of width is 
negligible. 
 
Figure 17. Bottom stress due to positive thermal loading for six-span,  
30° skew bridges of various widths with 100 ft spans and HP14×117 piles. 
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CHAPTER 5: COMPARISON OF KISHWAUKEE BRIDGE 
MODEL TO PARAMETRIC STUDY RESULTS 
The Kishwaukee River Bridge encompasses a combination of a variety of secondary parameters. 
In the parametric study, only one secondary parameter is investigated at a time, with the rest of the 
bridge characteristics remaining default values. With the Kishwaukee River Bridge, however, the 
effects of double piles, different end-span ratio, bridge width, stiffer pile soil, and pile top relief 
are seen together. The most comparable parametric study bridge comes from the secondary 
investigation of bridge width. Table 8 below lists the characteristic properties of each model. Due 
to the fact that the bridges have differing girder designs, the effect of kθ cannot be directly 
compared.  
Table 8. Parameters of Kishwaukee and Comparable Parametric Study Models 
 Kishwaukee Parametric Study 
Skew 30° 30° 
Pile Size HP14x117 HP14x117 
Number of Piles 30 (15 on each end) 20 (10 on each end) 
Span Lengths 125 ft, 152 ft, 152 ft, 120 ft 150 ft, 150 ft, 150 ft, 150 ft 
Total Length 549 ft 600 ft 
Width 69 ft - 1/4 in. 60 ft 
Girder Designation Plate Girder: 60 in. Web Plate Girder: 76 in. Depth 
Number of Girders 8 (8 ft - 10 in. o.c.) 10 (6 ft o.c.) 
kθ 6.88 x 106 k-in/rad 7.90 x 106 k-in/rad 
Backfill 
Loose sand (uncompacted):               
γ = 115 pcf,                     
friction angle φ = 30° 
Loose sand (uncompacted):                                
γ = 115 pcf,                      
friction angle φ = 30° 
Pile Soil 
Stiff Clay: γ = 120 pcf,            
su = 3000 psf 
Medium-Stiff Clay: γ = 120 pcf, 
su = 1500 psf 
Pile Relief Yes (top 10 ft bentonite) No 
 
As stated in Chapter 4, the three key issues with IABs are bridge displacement, pile strains, and 
girder stresses. Due to the orientation of the skew angle for the Kishwaukee River Bridge in 
contrast with the parametric study bridges, the general behavior of the east abutment at 
Kishwaukee will be compared with that of the west abutment of the parametric study bridge. Figure 
18 and 19 display magnified bridge movement due to thermal loading and negative thermal 
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loading. Both bridge models display similar trends for negative thermal movement, but differ when 
it comes to positive thermal loading. Under thermal loads, the acute and obtuse corners of the east 
abutment of the Kishwaukee model tend to move outward in opposing directions. The parametric 
study model, however, has both corners of the west abutment moving in the same upward direction. 
This difference in deck level movement is likely due to differing overall bridge length and end-
span lengths.  
 
Figure 18. Bridge deck movement due to thermal loading. 
 
 
Figure 19. Bridge deck movement due to negative thermal loading. 
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Although stiffer foundation soil was seen to increase pile strains in the secondary parameter study 
(Section 4.3), its effects are outweighed by the condition of double piles and inclusion of pile top 
relief in the Kishwaukee model. Table 9 displays total pile strains for the obtuse and acute corners 
of the two bridge models under both thermal and negative thermal loading. Strains reported from 
the Kishwaukee model for thermal loading are over 50% lower than those of the parametric study 
model. Even under negative thermal loading, pile strains are significantly less for Kishwaukee. 
This goes to show that the combination of double piles and pile top relief can greatly reduce peak 
pile strains, which could allow for smaller pile sizes to be used for a bridge with the same 
superstructure geometry.  
Table 9. Pile strains from the Kishwaukee and Parametric Study models.  
Load 
Case 
Pile Location 
Total Pile Strain 
Kishwaukee 
Parametric 
Study 
Thermal Obtuse Corner 0.001571 0.003293 
Acute Corner 0.002243 0.004834 
Negative 
Thermal 
Obtuse Corner 0.001594 0.002840 
Acute Corner 0.001864 0.002969 
 
Generally, when the piles are relieved of strain, more force demand is placed on the superstructure. 
This is evident in the fact that bottom fiber stresses due to strong axis bending and axial force alone 
(as was the case compared in the overall parametric study) are larger for the Kishwaukee model. 
However, the difference in girder stresses between the two models of concern is not nearly as wide 
as for the pile strains. As can be seen in Table 10, pure thermal and pure negative thermal bottom 
stresses at the obtuse bridge corner against the abutment are 30% larger in magnitude for the 
Kishwaukee model in comparison with the parametric study model. In addition to the double piles 
and pile top relief which take demand off of the piles and place it in the superstructure, the smaller 
end spans at Kishwaukee contribute to the higher girder stresses.  
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Table 10. Bottom flange stresses against the abutment from the Kishwaukee and 
Parametric Study models.  
Load Case 
Girder 
Location 
Girder Bottom Stress (ksi) 
Kishwaukee 
Parametric 
Study 
Pure Thermal Obtuse Corner -13.04 -10.15 
Acute Corner -10.96 -9.24 
Pure Negative 
Thermal 
Obtuse Corner 8.08 6.20 
Acute Corner 8.03 5.72 
 
 
 
 
 
 
 
 
 
 
36 
 
CHAPTER 6: KISHWAUKEE INSTRUMENTATION 
DETAILS3 
6.1 INSTRUMENTATION SCHEME 
In order to minimize costs and simplify the instrumentation scheme, the relative symmetry of the 
bridge was utilized. Therefore, field measurements were only taken from the east half of the 
Kishwaukee River Bridge with the assumption that the west half would behave similarly. All 
instruments and equipment used for the site were procured from Geokon, Inc., and are outlined in 
Table 11. Each instrument, except for the multiplexers, is equipped with a temperature sensor.  
Table 11. Instruments used at the Kishwaukee River Bridge 
Instrument Name Quantity Model Number Range Resolution Accuracy 
Arc-welded Strain 
Gage (for piles) 
20 4000 3000 με 1.0 με +/- 0.5% 
Spot-welded Strain 
Gage (for girders) 
51 4150 3000 με 0.4 με +/- 0.5% 
Embedded Strain 
Gage 
21 4200 3000 με 1.0 με +/- 0.5% 
Tiltmeter 8 6350 +/- 10° 8 arc seconds +/- 0.1% 
Displacement 
Transducer 
(“Crackmeter”) 
6 4420 +/- 6” 0.025% +/- 0.1% 
Multiplexer 7 8032 Can connect up to 16 instruments  
 
Instruments were spaced throughout the east half of the bridge according to the plan view and 
elevation seen in Figure 20 and Figure 21. 
                                                 
3 Chapter includes work previously published in Wright, B., J. LaFave, L. Fahnestock, M. Jarrett, J. Riddle, and J. S. 
Svatora (2015). “Field Monitoring of Skewed Integral Abutment Bridges,” 2015 Joint Conference AESE/ANCRiSST, 
Entry 228. 
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Figure 20. Plan view of Kishwaukee River Bridge instrumentation scheme. 
 
 
Figure 21. Elevation of the east abutment at the Kishwaukee River Bridge.  
 
6.1.1 Arc-Welded Strain Gages 
Arc-welded strain gages were installed on three of the abutment piles prior to being shipped to the 
site and driven in place. The instrumented piles were chosen to align with the instrumented girder 
locations, representing the North, Middle, and South portions of the bridge. The bridge was 
planned to have 2 exterior piles with 8 gages each and 1 interior pile with 4 gages; however, during 
construction, the south exterior pile was switched with the interior pile. Figure 22 depicts the layout 
of the arc-welded gages on the piles.  
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Figure 22. Pile instrumentation details at Kishwaukee.  
 
Since the piles were instrumented before being driven, the gages needed to be protected. This was 
done by means of encasing the gages with steel angles and a tapered end cap to prevent the angle 
from being dislodged during driving. Two steel mounting blocks with set screws were used to 
connect the strain gages and hold them in place (Figure 23). A hose clamp was used to secure the 
coil housing to the gage and a small notch was cut into the protective angle to allow the wires to 
pass through. This notch was later sealed off using a spray foam insulation. During the driving 
process, ratchet straps were used to secure the wires. The protection scheme used for the pile gages 
can be seen in Figure 24. 
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Figure 23. Arc-welded strain gage installation. 
 
 
Figure 24. Arc-welded strain gage protection.  
 
6.1.2 Spot-Welded Strain Gages 
As depicted in Figure 20, three girders were instrumented at the Kishwaukee River Bridge. Spot-
welded strain gages, in addition to embedded gages in the deck, were installed on the girders at 
every location indicated by a triangle in the figure. These strain gages were placed in accordance 
to Figure 25. Each gage was attached at the steel fabricator in July 2013 before being shipped to 
the site. Protection from the elements was provided through the attachment of a cover plate. A 
picture of a spot-welded strain gage both with and without the cover plate is provided in Figure 
26. Wires were run along the bottom flanges and behind cross frame connection plates, and secured 
in place by zip-ties connected to nuts that were epoxied to the flange.   
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Figure 25. Instrumentation of Kishwaukee superstructure cross-section.  
 
 
Figure 26. Spot-welded strain gage without and with its cover plate. 
 
6.1.3 Embedded Strain Gages 
A total of 15 embedded gages were placed at roughly mid-depth of the 8 in. deck slab at the 
instrumented girder cross sections (Figure 25). An additional 6 embedded gages were also placed 
in the approach slab, 2 along each of the instrumented girder lines. As shown in Figure 27, the 
embedded strain gages were tied off to rebar. Wooden blocks were used to isolate the gages from 
the rebar so that measurements would have no influence from the steel and strains would be 
reported from the concrete alone. A coil housing was connected to the gages, similar to the arc-
welded strain gages.  
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Figure 27. Embedded strain gage at the Kishwaukee River Bridge.  
 
6.1.4 Tiltmeters 
As shown in Figure 21 above, tiltmeters were placed along the abutment and girder ends of the 
east abutment of the Kishwaukee River Bridge. They were attached with brackets either bolted to 
the steel girders or anchored to the concrete abutment (Figure 28). The tiltmeters can only measure 
rotation about a single axis, which was chosen to be the transverse axis of the bridge (i.e. rotation 
in the longitudinal direction). Although, since the tiltmeters were installed to be flush against the 
face of the abutment or flush against the girder, rotation measurements of the abutment and girder 
are not parallel to one another. Therefore, when the field data was analyzed, an offset equal to the 
abutment skew had to be taken into account.  
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Figure 28. Tiltmeter installation at the Kishwaukee River Bridge.  
 
6.1.5 Displacement Transducers (“Crackmeters”) 
The Kishwaukee River Bridge is instrumented with crackmeters at the pier-girder, abutment-
approach slab, and approach slab-transition slab interfaces at both the north and south ends of the 
bridge. To ensure the ability to measure the larger displacements at the approach slab-transition 
slab interface, the largest available crackmeters were used. The approach slab crackmeters were 
installed by anchoring each end into the concrete with a small spacer, as depicted by Figure 29. 
Brackets were used to install the crackmeter at the interface between the girder and east expansion 
pier, which can be seen in Figure 30. With the brackets in place, one end of the crackmeter was 
bolted to the cross frame connection plate, and the other end was anchored to the concrete pier.  
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Figure 29. Crackmeters at the abutment-approach slab and approach-transition slab 
interfaces. 
 
 
Figure 30. Crackmeter at the pier-girder interface. 
 
6.1.6 Data Acquisition 
Measurements are collected from the site from a Geokon Micro-1000 Datalogger. In order to route 
each instrument to the datalogger, multiplexers were used as junction boxes. Seven multiplexers 
were placed at the Kishwaukee River Bridge, with a maximum of 16 instruments connected to 
each. In order to minimize the amount of wiring required, multiple multiplexers were daisy-
chained to each other in series before connecting to the datalogger. As can be seen in Figure 31, 
the multiplexers are mounted either to the steel girders or the face of the concrete abutment.  
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Figure 31. Multiplexer at the Kishwaukee River Bridge.  
 
A Sierra Wireless Airlink LS300 Verizon cellular modem, with an antenna to increase the signal 
strength, was placed at the site so that data could be remotely collected from the datalogger. In 
order to store and send data from the datalogger, LoggerNet software was used. The cellular 
modem’s IP address was input into LoggerNet and a Campbell Scientific template was uploaded 
to the modem to give it the correct configuration. This system cannot work without a power source, 
which is why a 130 W solar panel was installed at the site, along with 2-110Ah batteries in parallel 
for backup.  
Originally, at the start of the data collection period, measurement readings were sent to the office 
from the datalogger at an interval of 15 minutes. This interval was shortened to every 5 minutes in 
March 2015, which was deemed to be the shortest appropriate time period to ensure no power 
issues. There are 106 total instruments at the site and it takes approximately 2 seconds to read a 
single vibrating wire gage. That means that it takes a few minutes for all of the data to be collected 
and sent through the datalogger, and smaller collection intervals on the order of seconds instead of 
minutes are simply not feasible. To process the incoming data, a macro was created to copy the 
new data to an Excel Workbook, delete the old data file, and sort the readings for easier analysis. 
Since this excel continued to grow increasingly large in size, MATLAB was generally utilized 
with the imported Excel data for faster analysis and processing.  
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6.2 INSTRUMENTATION GOALS 
In general, field instrumentation was conducted as a means to validate the modeling assumptions 
made in the parametric study. It also allows for a more accurate capture as to the effects of 
construction, seasonal environmental conditions, and time. Although many previous research 
projects, including two at the University of Illinois, have focused on substructure behavior of IABs, 
it is still valuable to confirm pile behavior, especially at the pile-abutment interface which is the 
location of maximum strain. Overall bridge movement at deck level due to volumetric changes 
from thermal loads, which is monitored by the crackmeters, is a crucial quantity because it provides 
insight on proper expansion joint detailing. Surveying has also been conducted at the east abutment 
of the Kishwaukee River Bridge as further measurement of abutment movement. Additionally, 
fixed connections were assumed at the girder-abutment connection and at the abutment cold joint. 
This assumption can be validated by checking the differential tilt from the various tiltmeter 
readings. In order to understand complete superstructure behavior, strain gages on the girders and 
in the bridge deck were placed to examine the buildup of thermal stresses in the superstructure due 
to the integral abutment construction. Finally, in the parametric study, approach slabs were 
neglected and deemed to have minimal effect on IAB behavior. A limited number of strain gages 
were placed in the approach slab at Kishwaukee to see if there is any buildup of stresses or major 
axial force applied to the IAB superstructure. A schematic of all of these instrumentation goals can 
be seen in Figure 32.  
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Figure 32. Annotated IDOT IAB detail with instrumentation objectives. 
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CHAPTER 7: FIELD RESULTS AND COMPARISON TO 
FINITE ELEMENT MODEL4 
7.1 DEFINITION OF TEMPERATURE 
In order to compare the results obtained from the sensors on the bridge with the effect of 
temperature, a set definition of the average superstructure temperature needed to be made. A 
systematic approach was taken to analyze the temperature readings from each of the gages and 
determine which were most indicative of the superstructure temperature. First, it was determined 
that the exposed spot-welded strain gages (girder gages) were the best representation of the air 
temperature and thus the thermally induced load placed on the superstructure. With the girder 
gages being the concentration, temperature readings were compared longitudinally along the 
length of each girder. That is, all of the top flange gages of a single girder were compared to each 
other, all of the middle web gages of a single girder were compared to each other, and all of the 
bottom flange gages of a single girder were compared to each other. From there it was determined 
that all of the gages at each gage location had relatively the same temperature readings across a 
girder (e.g. all top flange gages of girder 8). This justified the averaging of all top flange gages on 
each girder, all web gages on each girder, and all bottom flange gages on each girder. 
Subsequently, all of these averages were compared with one another. The average temperatures 
from the cross section of the middle girder (girder 5) were in a tight range, while the averages from 
the exposed girder (girder 8) exhibited larger extremes than the others. After observing all of these 
trends, it was determined that the average superstructure temperature should be defined as the 
average of the temperature readings from all spot-welded strain gages on the middle girder. The 
average superstructure temperature definition was validated with weather data from the nearest 
airport to the bridge site. As can be seen in Figure 33 and Figure 34, the field data temperature 
average closely follows the temperatures reported by the weather station.  
                                                 
4 Chapter includes select material previously published in Wright, B., J. LaFave, L. Fahnestock, M. Jarrett, J. Riddle, 
and J. S. Svatora (2015). “Field Monitoring of Skewed Integral Abutment Bridges,” 2015 Joint Conference 
AESE/ANCRiSST, Entry 228.  
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Figure 33. Kishwaukee temperature comparison from 8/10/2014 to 8/12/2014.  
 
 
Figure 34. Kishwaukee temperature comparison from 12/20/2014 to 12/22/2014.  
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7.2 GAGE INITIALIZATION 
Initial readings were only taken for the spot-welded girder gages. Even so, these initial readings 
were taken at the steel fabricator and not indicative of the condition of the site right before 
placement. To stay consistent with all instruments in the bridge, initializations are made using the 
first recorded data point. The first data point is considered as being the most indicative of the 
condition of the bridge when it first became integral.  With this initialization scheme, it is assumed 
that the dead load contribution is remove and reported measurements are only due to thermal 
changes (and some live load effects). Because the first data point was recorded in relatively warm 
temperature, the focus of the field data results is with thermal contraction. For reference, gages 
were numbered according to the scheme depicted in Figure 35. Girder lines are numbered from 1 
to 8 starting at the north end of the bridge and ending at the south. Gage locations longitudinally 
across the bridge start at 1 west of the fixed pier and end at 6 just shy of 6 ft west of the center of 
the east abutment.  
 
Figure 35. Gage numbering scheme.  
 
7.3 BRIDGE MOVEMENT 
7.3.1 Longitudinal Bridge Movement 
As expected from the concepts of thermal expansion and contraction, global bridge movement is 
directly affected by changes in temperature. This is seen in the linear nature of the plots of 
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crackmeter displacement versus average superstructure temperature. Surveying was conducted 
during September 2014 and February 2015 at two points on both the north and south ends of the 
east abutment at Kishwaukee. The survey points were selected to be roughly aligned with the top 
and bottom of the girders, as indicated in Figure 36. Results from all crackmeters and surveying 
from the initial collection date until present are shown in Figure 37. The crackmeter readings fall 
within a relatively wide band due to the influences of live load patterns. As shown in the figure, 
the pier-girder displacements are less than what is expected from theoretical free expansion (using 
a coefficient of thermal expansion of 6 x 10-6 in./in./°F for the 152 ft span of composite plate girder 
and concrete deck). This aligns with the general findings of the parametric study that longitudinal 
movement at deck level does not reach the displacement levels of full free thermal expansion. 
Field results indicate that the expansion joint at the approach sab – transition slab interface allows 
for the greatest magnitude of movement with change in temperature when compared to the other 
locations. The curve for the pier-girder displacements shallows out when temperature change falls 
below -40°F due to interactions with the expansion bearing. It should be noted that the jump seen 
in the abutment-approach slab curve from the North crackmeters is due to the movement of 
construction equipment of the site. 
 
Figure 36. Kishwaukee survey locations. 
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Figure 37. Recorded crackmeter displacements.  
 
Two distinct lines appear in the results for the approach slab – transition slab displacements at both 
ends of the bridge. Figure 38 indicates that each line represents one year of data collection. During 
the first year, displacements followed the line of the upper curve. Then, upon the start of the next 
year, the original gap closed beyond what it started at and a new fixed displacement was imposed. 
Yet, displacements at this location still follow the same slope with change in temperature, which 
makes the general trends of movement consistent.  
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Figure 38. Approach slab – transition slab crackmeter displacements for year 1 and year 2. 
 
Bridge movement can also be extrapolated from the approach slab strains. As can be seen in Figure 
39, which is plotted from the start of collection to the March 29, 2016, the recorded strains from 
the embedded gages in the approach slab track very well with temperature throughout time. 
Assuming elastic behavior, these strains can be converted into a measure of displacement. To do 
so, strains were averaged between the two gages along each of the instrumented girder lines and 
then multiplied by the approach slab length (30 ft). Resulting displacements for the north and south 
ends of the bridge are displayed in Figure 40. Both ends of the approach slab display relatively 
similar displacements and follow the same linear trend.  
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Figure 39. Approach slab strain and average superstructure temperature. 
 
 
Figure 40. Approach slab displacements. 
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As stated in chapter 4, a major parameter of interest for IABs is longitudinal bridge displacement 
at deck level. This is taken from the movement of the abutment. In order to derive this quantity 
from the field data, some assumptions had to be made with regards to the crackmeters. No 
reference points were made for the crackmeters, making it difficult to distinguish the movement 
of one end versus the other (e.g. movement of the abutment versus movement of the approach 
slab). The approach taken to calculate abutment movement was to set the transition slab as a fixed 
point. From there, abutment displacement can be calculated by adding together the displacements 
recorded from the abutment – approach slab and approach slab – transition slab crackmeters and 
subtracting out the approach slab displacements calculated from the recorded strains. These results 
can be seen in comparison with those generated from the finite element model of the Kishwaukee 
River Bridge in Figure 41 and Figure 42. Due to the yearly shift of the approach slab – transition 
slab crackmeter measurements, the field data plots also show shifted lines for each year of data 
collection. Abutment displacements calculated from the field instrumentation readings are greater 
than those reported by surveying; however, this fact is not alarming due to the assumptions made 
in the calculations. Also, the surveying data points were initialized from a time in the fall, unlike 
the bridge instrumentation which was initialized by a data point in the spring. Nevertheless, the 
computed abutment displacements shown in the figures do align nicely with what is reported by 
the FE model. Displacements reported from the first year of data collection are slightly more 
extreme than the model predictions, which could be due to the initialization scheme.  
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Figure 41. North abutment displacement. 
 
 
Figure 42. South abutment displacement.  
 
7.3.2 Abutment Rotation 
One goal of the field instrumentation effort was to determine the level of fixity at select points of 
the abutment interface. To do so, measurements from the tiltmeters must be closely examined. 
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Rotations are seen to follow the same trends throughout all time, cycling back along the same path 
from season to season. One caveat of the tiltmeter readings is that plots of rotation with both 
temperature and time are banded. These distinct bands could be due to different live loads within 
the adjacent span and/or cracking occurring in the abutment causing the rotation to change. As 
shown in Figure 43, the central band of rotation encompasses a vast majority of the data points, 
thus validating such an assumption. The central band of data can then be seen as indicative of 
rotations solely due to thermal changes. Additionally, live loads within the pan cause greater 
abutment rotation than thermal changes and therefore, it seems plausible that the additional 
horizontal bands are caused by various live load scenarios.  
 
Figure 43. Tiltmeter rotations vs. change in temperature for a girder and an abutment 
gage. 
 
Differential rotation can be examined between the upper diaphragm and the lower footing regions 
of the abutment, which would help to determine how rigid the cold joint connection actually is. 
Figure 44 displays this differential tilt at the south end of the abutment. By looking at the central 
band of data alone, it appears that there is zero rotational difference, regardless of temperature. 
This indicates that the fixed connection assumption used in modeling is valid.  
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Figure 44. Differential tilt between the upper diaphragm and lower footing of the abutment 
at the south end of the east abutment. 
 
Another area of concern is the connection between the girder and the abutment. Because the girders 
are embedded into the abutment, the connection is assumed to be fixed. More differential tilt was 
observed between the abutment and girders on the north and south ends of the abutment than in 
the center. Again, looking at the central band of data in Figure 45, the maximum differential 
rotation between the abutment and girder is 0.26° at the south end of the abutment. A hand 
calculation was conducted for the other IAB being monitored (UPRR) to examine the expected 
rotations from a pinned-pinned case scenario. This was possible because the UPRR Bridge is single 
span, as opposed to the four spans at Kishwaukee. It was determined that for the single-span 
configuration at UPRR, rotation at yield moment for a fully composite section (steel girder and 
concrete deck) would be approximately 1.06°, and that for a non-composite section (steel girder 
only) would be 1.92°. Extrapolating this data to what is seen at the Kishwaukee River Bridge, the 
connection appears to be more fixed than pinned. This also validates the fixed girder assumption 
used in SAP modelling of both the parametric study and the individual field monitored bridges.  
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Figure 45. Differential tilt between the abutment and girders at the north and south ends of 
the east abutment. 
 
7.3 PILE STRAINS 
The instrumented piles have strain gages located at the quarter-span of the pile flanges at the pile 
cap boundary, as well as at 14 in. below for two of the three instrumented piles on the bridge 
(Figure 46). Due to the nature of the loading and bridge geometry, when plotting change in strain 
versus time, as in Figure 47, gage locations 1 and 4 exhibit the largest magnitude of strain change. 
As bridge expansion/contraction occurs, these locations see the most compressive/tensile strain. 
Additionally, each gage location goes through cycles of tensile and compressive strain throughout 
the day, which directly correspond with the variation in temperature.  
59 
 
 
Figure 46. Schematic of pile strain gage locations.  
 
 
Figure 47. Acute pile strains from 10:00am, 5/28/2014 to 4:00am, 6/1/2014.  
 
There is a strong linear trend of change in pile strain with change in superstructure temperature, as 
seen in both the field data and SAP model results. The reported strains at gage locations are 
substantially less than the 1724 microstrain required to reach yield, indicating that there could be 
significant pile deformation capacity available. Extrapolating these results to the extreme 
fiber/flange tip, and comparing with the finite element model, strains may be approaching yield 
but it is unlikely that they are significantly exceeding it. Figures 48 through 50 show that the strain 
values predicted by the finite element model slightly overestimates the field strains. Slight 
differences between the model and field data are to be expected though, because of the nature of 
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the loading. One aspect to note is that the models do not include frictional forces acting on the pile. 
Focusing on contraction, the models employ an incrementally decreasing change in temperature. 
This is far from the case in the field, as the temperature goes through daily fluctuations of highs 
and lows, which can be considered more of a cyclic temperature change than a monotonic one. 
Yet, based on the proximity of the model and field results, the simplification of monotonic loading 
seems sufficient for practical purposes.  
 
Figure 48. Kishwaukee acute pile head strains versus finite element model results.  
 
 
Figure 49. Kishwaukee middle pile head strains versus finite element model results.  
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Figure 50. Kishwaukee obtuse pile head strains versus finite element model results.  
 
By observing the model results, it was determined that the majority of strains presented from the 
field come from weak axis bending of the pile. The separation of the curves for gages on mirroring 
flanges (gage 1 and gage 2; gage 3 and gage 4) is contributable to increased strong axis bending, 
while any upward shift of the curved from being symmetric about 0 strain is contributable to 
increased axial force. For example, looking at Figure 50, it appears that there is more axial 
contribution to the obtuse pile, as the extreme results for gages 1 and 4 are unsymmetrical. 
Additionally, as can be seen in Figure 51, strains recorded below the pile-abutment interface are 
more influenced by strong axis bending.  
 
Figure 51. Kishwaukee acute and middle pile strains below the pile cap boundary.  
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7.4 GIRDER DEMANDS 
The exposed strain gages on the girders have proved to be the most variable of all the gages, with 
highly noisy data. This can be attributable to the fact that they are the most exposed to the elements 
than the other gages and are more influenced by live loads.  Due to the low stresses observed in 
the parametric study, the girders at the Kishwaukee River Bridge are assumed to remain in the 
elastic regime; that is, stresses can simply be calculated from the reported strains by multiplying 
by the elastic modulus. Figure 52 displays stresses from the cross section closest to the abutment 
of girder 8 (obtuse corner). As anticipated, based on the parametric study, the bottom flange 
displays the most extreme stresses. However, the bottom flange gages are the most variable in their 
relationship with temperature. After the first year of data collection, stresses reported from the 
bottom flange gages do not return back to their original state. In general, the stresses tend to keep 
creeping more and more tensile or compressive (depending on the location). The most unreliable 
gages are those by the piers, as can be seen in the “8-4B” curve of Figure 53. 
 
Figure 52. Obtuse girder stresses at the abutment for all time.  
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Figure 53. Bottom flange stresses along girder line 8 (obtuse corner).  
 
Still, the bottom flange stresses tracked reasonably well with temperature during the first fall to 
winter of data collection. This period of time is indicated by the black line of Figure 53. Maximum 
pure positive and negative thermal girder stresses at the gage locations were computed from the 
finite element model, using the contribution from strong and weak axis bending, as well as axial 
force. The comparison of these model results with the select time range of field data can be seen 
in Figure 54 and Figure 55. Still, the field data falls within a relatively wide band, but the centerline 
corresponds well with the results of the finite element model. In general, the model only under 
predicts the field results by approximately 1 ksi.  
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Figure 54. Girder 8 bottom flange stress at location 6 (closest to the abutment). 
 
 
Figure 55. Girder 8 bottom flange stress at location 5 (center of end span).  
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CHAPTER 8: CONCLUSIONS5 
To provide new insight for accurately model the complex field conditions of an integral abutment 
bridge (IAB), an integrated study that links finite element analysis with field instrumentation and 
monitoring was initiated. This study reveals a clearer picture of in-service bridge behavior and 
establishes a platform for validating modeling assumptions. First, numerical models were created 
to better understand the behavior of IABs under uniform temperature changes. Results from the 
base set of bridge models, which consisted of composite steel plate girders and H-pile foundations, 
show that bridge longitudinal movement can be estimated as 90% of free expansion of the 
superstructure, regardless of pile stiffness, superstructure rotational stiffness, or abutment skew. 
Increased bridge skew acts to amplify displacements at the acute corner. Additionally, with 
increasing skew and bridge length, extreme fiber strains of the pile head generally increase. With 
regards to girder demands, increasing skew is seen to relieve strong-axis bending moments. Design 
tools were established based on the findings of the study as a means of approximation of IAB 
demands. The equations developed for predicting pile strains and girder stresses can be used by 
designers as an initial estimate as to the magnitude of these values before a detailed model is 
created. 
The secondary parameter study shows how the primary results might be altered if site conditions 
were altered from the default. End-span ratio affects the value of the superstructure rotational 
stiffness, kθ. Increasing kθ for a given girder design increases both pile strains and girder stresses. 
When combined with skew, increasing the width of an IAB beyond the default of 36 ft can 
significantly increase the pile demands. Additionally, pile demands may be decreased by stiffer 
backfill, softer pile foundation soils, pile top relief, double piles, and deeper abutments. Pipe piles 
and strong axis–oriented H-piles provide more lateral stiffness, but pile stiffness sharply decreases 
after the onset of yielding, which is undesirable. In comparing the finite element model made of 
the Kishwaukee River Bridge with the most comparable parametric study model, the combined 
effect of double piles and pile top relief strongly took precedence.  
                                                 
5 Chapter includes select material previously published in Wright, B., J. LaFave, L. Fahnestock, M. Jarrett, J. Riddle, 
and J. S. Svatora (2015). “Field Monitoring of Skewed Integral Abutment Bridges,” 2015 Joint Conference 
AESE/ANCRiSST, Entry 228. 
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The instrumentation scheme for the Kishwaukee River Bridge described in this thesis required 
extensive advance planning and detailed coordination with construction sequences and field 
conditions. Power, data transmission and wiring configurations were also essential elements that 
were developed in conjunction with the bridge owner and design/construction team. The 30 degree 
skew, 4-span continuous IAB was instrumented with embedded and exposed strain gages, 
tiltmeters, and displacement transducers (“crackmeters”). Instrumentation was placed on the east 
half of the bridge, with the assumption that behavior on the west half would be relatively 
symmetric. Emphasis was placed on superstructure instrumentation; however, three of the 
HP14x117 piles were instrumented with strain gages to confirm substructure behavior at the pile 
head. Despite a few setbacks and field complications, the University of Illinois research team 
successfully installed the data collection system and is now continuously monitoring the bridge 
from almost all of the 106 channels.  
After nearly two years of data collection, clear trends can be seen in regards to the bridge behavior. 
With the exception of the girder gages, all other instrument readings have been seen to track well 
with temperature. Pile strains and bridge movements align with the trends seen in the finite element 
model. The superstructure movement as measured by the crackmeter displacement at the pier-
girder interface is less than what is expected from free expansion, which is a trend that agrees with 
what has been observed in the general parametric study. Additionally, differential tilts between the 
girder and abutment, as well as the top diaphragm and the lower footing of the abutment, are small 
enough to consider both connections fixed, as previously assumed. Girder stress results from the 
field are very noisy at all gage locations, indicating that live load, environmental factors, and cyclic 
loading could be very influential. Nevertheless, key modelling assumptions made in the parametric 
study have been validated by the field data results, which shows promise for the development of 
more formalized IAB design standards.  
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